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ABSTRACT 

Bounds for neutral currents are derived for the inclusive pion 

production on isoscalar nuclei in the simple Weinberg and the Glashow- 

Iliopoulos-Maiani models. The bounds involve cross sections induced by 

neutrinos , antineutrinos or combination thereof. Final state interactions 

are included in the results. For isolated proton targets a bound is obtained 

in both models independent of any additional assumptions. All the quantities 

occuring in the bounds are in principle measureable. For those processes 

where data are not yet available, estimates are presented by allowing a 

wide range of variation for the unknown quantities. 
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I. INTRODUCTION 

Several papers have appeared in the literature recently which 

attempt to place lower bounds on cross sections that would involve 

first order weakly-coupled neutral currents in the Weinberg model’ of 

weak and electromagnetic interactions. The cross section ratios 

investigated include the elastic lepton interactions 2 u +e+u + e and e e 
3 

V +e+v + e, the elastic semileptonic interactions v +N+-v +N, 
P P P EL 

inelastic weak pion production 394 

reaction5” v + N + v + anythin:: 

+N+v + TT + N, and the inclusive 

’ 
P P 

The weak pion production bounds are of immediate interest to the 

experimentalist, but the bounds obtained invoke the assumptions of 

A( 1236) dominance’ and neglect the interaction of outgoing pions with 

other nucleons in a complex nucleus. The purpose of this paper is to 

deduce bounds for weak pion production that are more directly applicable 

to present experiments. 

The relevant term in the effective Lagrangian is 

ky, (l+y5)v(Ji+i J%) + h.c. (0) + c ya(.l+y5)v Ja (1) 

J(w 
A = AZ + (1-2 sin2ew) V: + Js A (2) 

where J1 = (V’ + Ai) is an isospin component of the usual V-A current, 

1, 2 8 w is the Weinberg angle, and Js is an iaoscalar current. This form 

holds for the simple Weinberg model without strange particles and also 
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for the Glashow-Iliopoulos -Maiani3 version. In Eq. (1) and in our 

results we have set cos ec = 1; as in other papers our results are 

valid in the m = 0 limit. 
P 

In Section II we derive general inequalities that hold for models 

with an effective Lagrangian of the form given by (1) and (2). Numeri- 

cal estimates are made in Section III which allow a comparison with 

experimental data. In Section IV we give some additional inequalities 

which hold only for the simple Weinberg model in which Js = 
A 

-2 sin2 Ow (J;m-V3X), JTrn being the electromagnetic current. 

II. CROSS SECTION RATIO INEQUALITIES 

Bound for weak pion production will first be derived for a complex 

nuclear target with I = 0. The use of an I = 0 target makes it possible 

by combining r+ - and n production to eliminate the isoscalar-isovector 

interference terms for the neutral and electromagnetic currents. The 

results are derived directly for nuclear targets without assuming neutrino 

scattering from individual nucleons; final state interactions other than 

those of electromagnetic origin are automatically included. 

We define the cross-sections 

a u =cr(v +N-+p +IT a +x) 
P Da) 

(3b) 
a u = u( v +N*v 
0 

+ TTa +x) 
P P 
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a ci = o(e + N + e + .,ra + x) (3c) e 

(3d) 

(3e) 

where N is an I = 0 nucleus and x is any possible final state defined by 

the type of particle involved without discrimination for particular charge 

states. Thus we may consider the inclusive reaction where we sum over 

all possible states x or we may limit ourselves to states x with zero or a 

limited number of additional pions. 

To make an isospin analysis we define U- (I), u (I), u (1) as the 
0 em 

contributions of the isovector current to o , (T 
0’ 

and V em, respectively, 

where I = (0, 1,2) is the isospin of x. Similarly So (1) and M (I) represent 
0 

the isoscalar and isoscalar-isovector interference contributions, respec- 

tively, to oo, which occur only for I = 1. The isospin analysis gives 

f CT 
0 s u. 

(1) %J +10 0 
(2) (4a) 

0 

0 
u 

= 2_ (1) + u (0) +zu t2) 
0 P 0 5 0 (4b) 

+ 
CT =u (O)+L 

2”- 
(1) -&J 

+10 - 
(2) . (4c) 

(2) 
u =- 

: u- (4d) 

0 
t”- 

(1) u =- %J 
+I0 - 

(2) WI 

From Eqs. (4a) and (4b) we need only the inequalities 
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1 
Z” 0 

0 u > u (0) +zu (2) 
- 0 0 5 0 

t5a) 

t5b) 

Similarly 

(2) 
em 

v O 2 Uem (0) + 2 
em 5 uemt2) 

Finally we note that .Eq. (8b) of Ref. 6 can be applied separately for 

each value of I: 

(I)] 112 - 2sin2Bw [Uem 

Combining Eqs. (41, (51, and (6) we obtain our major results 9 

ch 

R2 Z 0 

ch o (5 -u 

. 

1 - 2 sin2 Bw (v&T.ch) ‘q 2 

2 sin2ew 
( 

V 0 

e-m. 
ch o o- -u 

(5c) 

t5d) 

(6) 

(W 

(7b) 

A somewhat more general result can be obtained9 in terms of two 

weighting factors a, pr 0: 

ch 0 
(Yu ‘PO 

0 0 

2ao ch 
O +pca- - (J- 

2 

- 2 sin2tew 
CYV 

ch 0 112 
e.m + “e m . . 

2cuo O+p(o 
ch 

-u-O) 1 I (7c) 

If the right -hand sides of Eqs. (7a) and (7b) can be directly evaluated then 

a weighted sum of these two equations gives a stronger result than Eq. (7~). 
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However, Eq. (7~) may be useful in special cases; in particular, for 

& = p = 1 we obtain a total cross-section ratio 

u tot 
RZL I 1 tot L -z 

i 
- 2 sin2ew 

CJ 

which is the result previously obtained in RI 

V ( _ 
tot 

e. ni, 
tot u 

ef. 6. 

If we define the charge-to-neutral ratio as r z o -ch/ o -O, which 

is necessarily greater than or equal to unity, Eqs. (7a) and (7b) can be 

rewritten in more useful forms 

R33 -l/2 - 2 sin20 w (‘l;_-’ ) 1’2]2(8a) 

0 2 u 
R4Eoo 2: 

- 

[ (r-1) 112 t8b) 
20 

All the above results may also be derived for the case in which N 

is a free nucleon provided one averages over neutron and proton targets. 

In particular the results may be applied to the exclusive process of single 

pion production with the help of the following replacements: 

ch + 
CT “o(v+p’~ +lT + p) + D(V + n -+ p- + TT + +n) (9a) 

0 
CT +.o(v+ n-+p +r O +p) (9b) 

ch f 
(3 

0 
*tJ(v+p+v.+lT + n) + (r(v + n + v+ TT- + p) 

0 
u -LO(V+p-+Y+Tr” +p)+o(v+n+v +IT’+~) 

0 

(9c) 

(9d) 
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V ch -V em em(e + p + e + n+ + n) + Vem(e + n + e + TT- + p) (9e) 

V o-Vem(e+p~e+rro+p)+Vem(e+n-+e-t-~o+n) em (9f) 

AS in Ref. 6 these results may be extended to anti-neutrino reactions. 

We define 

a 
u+ = a(Gp + N -f p+ +lra +x) (104 
- a u 

0 
= u(; + N +v’ +T~ +x) (lob) P P 

za= u+a+, a (IOC) 

c 
a - a =u +o. 

0 0 
(IOd) 

The previous results, Eqs. (7) and (8), hold with the replacements 

a a a a (5 -tcr + and cT *‘Jo.. Analogous to Eq. (18) of Ref. 6 we find 
0 

=0 

ch ch 

RI z - > -2 - 1 1 2 Ve.m. - sin 8 2z” W W  1 2x0 1 
=0O 

R2- ch 
1 z -co 2 2 L 1 - 8 sin2Bw C 

1 

Analogous to Eq. (20) of Ref e 6 we find 

sin20 
W  

BI(1-sin2ew) 

I 

sin20 
R2 2 2 1. (1 - sinzew) I + W  

B2(1-sin2ew) 

V 0 

2 -sin 8 1 e.m. 
W  

c 
ch -co 1 

V ch 

- 4 sin20 
W  

V 0 

- 4 sin2ew e’cF* o 
u ‘U 

(124 

(12b) 
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where BI and B2 are the experimental upper limits: 

0 ch o 
CT u -u 

0 5B 1 ch o 5B 2 
u+ CT -u 

+ + 

We would also like to be able to use data on isolated ,proton targets. 

From Eq. (31) of Ref. 6 we have 

- 2 sin20 

where 

ootA+) = u( v + p + v + A+) 

oe(af) = a(e + p +e +A+) 

o-(A++) = CT (v +p + P- +p + lTf) 

This involves no assumptions provided A simply means an I = $ final 

state. However we are interested in 

R _o(u+p+v+p+lTO) -- ++ 
otA ) 

R 
6 

! u(v +p + v +n+T+) 

-ir (A 
++ 

) 

By using only isospin properties of the final states we obtain 
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o(v+p*v+A+)+o(~,+p -i 
R5 + R6 = +v+N” ) 

CJ _ (A++) 

2 

- 2 sin20w (14) 

where N’ is an I = 1/2 final state. Note that the 1/ 2 - 3/ 2 interference 

terms cancel out and that the N” term was dropped and Eq. (13) used to 

obtain the inequality above. This result is true in both models of Ref. 1 

and 8, independent of any dynamical assumptions. 

To obtain limits on R5 and R6 separately we need to make a further 

assumption. In Sec. IV we consider the case of the simple Weinberg 

model. Here we make the assumption that there is no interference 

between I = i and I = $ final states since interference is expected to be 

small on the average over the resonance region. In this case any I = $ 

+ contribution can Only increase both p no and n TT so that the I = 3 - contri- 2 
butions ‘can be used to obtain lower limits: 

R5 2 1 - 2 sin2ew 

R6 2 $ - 1 

I 

- 2 sin20 
W 

V e. m. (A+) 

4 aJA++) 

‘Z 
V e. m. (A+) 

I 
1 l/2 2 

I 

MaI 

(*5b) 
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III. NUMERICAL ESTIMATES 

In order to obtain numerical estimates for the bounds derived in 

part 1s one needs data for both the electromagnetic and weak charged- 

current reactions on the same I = 0 nucleus. The charged-current neutr ino 
10 

cross sections can be obtained from the total inelastic cross section 

measurement at 2’ GeV 

0 ch -38 2 
CT +0 = 1.0 x 10 cm /nucleon, (16a) 

along with the ratio” 

r =o -ch/o-o = 2.0 (I@) 

determined by the CERN neutrino group using the Gargamelle chamber. 11 

The latter value is in substantial agreement with the result 

o-+/o_o = 2.3 f 0.9 (46~) 

from the old freon experiment, 12 whereas A dominance requires the value 

r = 5. Evidence is present for final state strong interactions. 

For the corresponding electromagnetic interactions, no data exist 

for the same heavy nuclei. In its place, we use the data of Galster et al. 13 

on hydrogen to estimate 

V em(e + P --f e+ A+) = 0.156 x IO -38 cm2 (17a) 

at 2 GeV and obtain Vemo and V ch for a complex nucleus by assuming 
em 

that (1) Vemo/ Vem 
ch 

= 1.5 

and (2) there is at.most 255, incoherent background. 

(17b) 
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The above imply 

V ch 0.156 1.0 10 -38 = x 25x . = 0. 078 x 10 -38 
em cm2/nucleon (18a) 

v O = 0.117 x 10 -38 2 
em cm /nucleon. (18b) 

We shall later provide a generous allowance for this uncertainty. 

Finally we note that the angle ew has been bounded by sin28 c 0.33 
W  

in Ref. 2, where one standard deviation in the experimental data for 

v +e+v 
e -e + e was allowed. To be conservative in what foLlows, we 

shall take 

sin20 
W 

< 0.40 (19) 

which corresponds to 2 

D( c +edv 
e e + 4 expt. ,< 3. 

o( v +e--G e e +e) V-A 

Several of the bounds listed in Sec. II are of particular interest, 

and we discuss them in some detail. The ratio, R4 = CJ o”/20 -’ has 

been bounded both by the Columbia group 14 

R4 I 0.14 (90% c. 1. ) 

and by t&e Gargamelle group iI 

R4 s 0.11 (900/n c.1. ) 

(2W 

(2Ob) 

In Table I we estimate the lower bound for this ratio for values of r 

ranging from 5 down to 2. It is clear that the experimental results in 

(20) contradict the predictions of the model only if r 2 3. 

A similar ratio, R3 = o. ch 
Ch/20- , will probably be measured in 
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the near future. The ratio, R1 = o. Ch/2c-0 3’ = rR is of interest 

because it is rather insensitive to the ratio r and is fairly large. The 

lower bounds on the ratios “; and R2 given in (12a) and (12b) cannot be 

estimated until sufficient data for the antineutrino reactions are obtained 

which will determine B1 and B 2’ 

There is also an experimental bound for 

R5 + R6 5 0. 31 (90% c.1. ) (21) 

from a recent Argonne experiment. 15 All quantities on the right hand 

side of Eq. (14) are measureable. Using the new Argonne result 

o(v fp -+p- fp + .rr+) = (0.78 f 0.16) x 10 -38 cm2 
(22) 

we obtain 

R5 + R6 2 0.10. (23) 

This bound holds in both models and it is inde-pendent of any additional 

dynamical assumptions. 

IV. WEINBERG MODEL 

In the simple Weinberg model Jr = -2 sin20 - 1 V8 
wdT x 

leading to 

J(O) = J3 

x x - 2 sin2Bw Jr”. (24) 

It now follows that for any states 1 CJU>, 1 p> 

with the isoscalar-isovector interference being completely absorbed in 
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the electromagnetic matrix element. The advantage of (22) is apparent 

in that it allows US to state bounds for the following ratios which do not 

average over the final charge states of the pion or over protons and 

neutrons in the target: 

R z~(~+p-+v+n+~+) 
6 o(i,+p-+r. - + p + il+1 

WA 

1 I~o(v +n + f.~- fp +-no)1 
112 + 1122 

z- - 2 sin2ew 
[ 

V 
em 

(e +p -re+ntr ) 

o(v+p+/F+p+sr 
+ 

J I 
2 

II o(v + p + fL- + p + .rr+1 J 

(26b 1 

One could obtain a similar result for R5; however it is more useful 

to consider the sum R5 + R6 because as it was discussed in the previous 

section it can be bounded by Eq. (14) in both the Weinberg and the Glashow- 

Iliopoulos - Maiani models. 

The last ratio is appealing from the experimental point of view because 

CT o- has a clear signal; i. e., a TT- always converts in the chamber so that 

the only ambiguity arises in confusing p- as a TT-. Thus such bounds are 

rather safe. 

Numerical estimates can be obtained using the results of the previous 

section. The ratio R7 is numerically equal to that of R1 given in Table I. 

There is already an experimental bound for the ratio 

R6 5 0.16 (90% c. 1. ) (27) 
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16 from an old CERN experiment. Since data for o( vn --+ p-pro), occuring 

in Eq. (26a), are not available, we assume that the isospin amplitudes 

are incoherent and get 

R6 1 0.03 (28) 

V. SUMMARY 

We have derived bounds for weak pion production relevant to present 

and future experiments . The bounds R1 through R4 follow in both the 

simple Weinberg and GIM models for neutrinos incident on isospin zero 

targets. Similar relations hold when one averages over protons and neutrons 

as indicated by the substitutions given in Eq. (9). When both neutrino 

and antineutrino cross sections are available, they can be combined to 

give the results stated in Eqs. (11) and (12). 

For isolated proton targets, one can derive the bound (14) for the 

is 1s and sum R + R 5 6 
which also holds in both Weinberg and GIM mode 

independent of any additional dynamical assumptions. Bounds stated 

in Eq. (15) for R5 and R 
6 separately require either I = 3/ 2 dominance 

or incoherence of the isospin amplitudes. However in the specific Weinberg 

model in which the neutral current is given by Eq. (24), one can obtain 

theoretical bounds for R6 and R7 as given in Eq. (26) without any additional 

assumptions. 

Comparisons between the present upper experimental bounds and 
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lower theoretical bounds were discussed in Sections III and IV. The 

present experimental Limit of 0.31 for R5 + R6 from the Argonne group 

is well above the estimated lower limit of 0.10. This test for weak 

pion production’in hydrogen is very clean, and better statistics should 

be obtained in the near future. 

The comparisons in complex nuclei depend critically on the charged/ 

neutral pion production ratio observed in the charged current reactions as 

seen from Table I. Moreover, the neutrino reactions on complex nuclei 

have not been carried out with isoscalar targets, although the use of 

heavy liquid freon is probably a good approximation. This situation 

should improve when propane is used in the large Gargamelle chamber 

at CERN. In order to make the comparisons more accurate, we also 

require data for inclusive pion electroproduction in heavy nuclei. To 

the extent that these large uncertainties are included in Table I, we see 

that the present experimental upper limits on R4 are still compatible with 

the theoretical predictions based on the models of references 1 and 8. 
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R R 
1 3 

r a b a ‘0 

5 0. 19 0.10 0.04 0.02 

4 4 0. 21 0. 21 0.13 0.13 0.05 0.05 0.03 0.03 

3 3 0. 23 0. 23 0.15 0.15 0.08 0.08 0.05 0.05 

2 2 0. 0. 26 26 0.19 0.19 0.13 0.13 0.09 0.09 

TABLE I 

NAL-THY-86B 

0.44 0. 28 

Lower bounds on the ratios Ri as functions of the ratio r = (T -ch/ u -O 

for (a) Vem given by Eqs.(l8) and for (b) Vem twice the values in Eqs. (18). 


